Mfge8 (milk fat globule-EGF-factor 8) encodes a soluble integrin-binding protein containing two Notch-like EGF domains and two discoidin domains. It mediates cell-to-cell interaction by binding to integrin avb3 via the RGD motif of its second EGF domain. Mfge8 was ®rst expressed at 10.0 dpc in cells of the coelomic epithelium covering the mesonephros, and at 10.5 dpc Mfge8-expressing cells were found in the mesenchyme underneath the coelomic epithelium of the genital ridges. At 11.5±12.5 dpc, Mfge8 expressing cells were found in the stromal tissues subjacent to the coelomic epithelium that envelop the fetal gonad of both sexes. MFG-E8 protein was accumulated extracellularly in the interstitial tissues at the boundary of the mesonephros and the genital ridges. A comparison of the expression domains of Mfge8 and several gene markers showed that Mfge8 expression did not signi®cantly overlap with the expression domain of Wt1 or Emx2, but partially with that of Lhx9 in 11.5-day XY gonads. Comparison of the expression pattern of Mfge8 with that of Hsd3b 1 in the 12.5-day testes revealed that the Mfge8-positive cells constitute a previously uncharacterized somatic cell type which is distinct from Sertoli cells, Leydig cells, peritubular myoid cells and the endothelial cells. q
Results and discussion
In mammalian embryogenesis, the gonadal anlagen develop as thickened ridges on the ventromedial aspects of the mesonephroi. The gonadal primordium consists of germ cells and several somatic cell types that are known to be derived from three different tissues: coelomic epithelium, urogenital mesenchyme, and mesonephros (Byskov, 1986) . It is generally believed that the somatic cells derived from these tissues contribute to the formation of the gonadal anlage by differentiation into Sertoli cells, Leydig cells, and peritubular myoid cells in the testis. To date, major attention has focused on the function and origin of two types of somatic cells, Sertoli cells and Leydig cells (Morohashi, 1997; Capel, 2000) , because of their critical role in sex differentiation and testicular function. However, many other somatic cell types are present in the interstitial and subepithelial tissues of the early fetal gonad, but their identity and their morphogenetic roles in the gonadal anlage have not been characterized. In this paper we report the identi®cation of a coelomic epithelium-derived cell lineage, characterized by the expression of the milk fat globule-EGFfactor 8 gene (Mfge8), which contributes to the previously uncharacterized somatic cell population localized to the outer stromal region of the fetal gonad.
Mfge8, localized to mouse chromosome 7, encodes a soluble integrin-binding protein containing a putative signal peptide followed by two Notch-like EGF domains and two discoidin domains (Stubbs et al., 1990) . Recently, Hidai et al. (1998) isolated another novel gene, developmentally regulated endothelial cell locus (Del1) encoding an extracellular matrix protein with a closely structural similarity to MFG-E8, which is characterized by the three Notch-like EGF domains and two discoidin domains. It has been shown that both MFG-E8 and Del1 mediate cell-to-cell interaction by binding to integrin avb3 via the RGD motif of their second EGF-like domain (Taylor et al., 1997; Andersen et al., 1997; Hidai et al., 1998; Penta et al., 1999) , suggesting that these two genes belong to a novel integrin-binding protein gene family. Del1 is speci®cally expressed in endothelial cells during early mouse development, and its protein is shown to function as an autocrine angiogenic factor by promoting endothelial cell attachment and migration via integrin avb3 (Hidai et al., 1998; Penta et al., 1999) . In contrast, it has been shown that Mfge8 is widely expressed in the adult tissues of various mammals (Ensslin et al., 1998; Oshima et al., 1999) , but its expression pattern during mammalian embryogenesis and its function have not yet been characterized. We found that its expression in mouse embryogenesis was restricted to several developing organs including the urogenital ridge, nervous system, and bone, and that it was signi®cantly expressed in developing gonads during the period of active morphogenesis.
Whole-mount in situ hybridization analysis of mouse fetuses revealed that Mfge8 transcripts ®rst appear in the coelomic epithelium on the ventral and medial aspects of the mesonephros at 10.0 dpc (Fig. 1A) . At 10.5 dpc, Mfge8-expressing cells were also found in the mesenchyme subjacent to the coelomic epithelium (Fig. 1B) , suggesting that they might have been derived from the coelomic epithelium and have colonized the stroma of the urogenital ridge. As the genital ridges develop, more Mfge8-expressing cells were found in the peripheral stromal tissues outside the sex cords and some were localized prominently along the border of the gonad and the mesonephros (termed as MGB for mesonephros-gonad boundary) in both XY and XX gonads (Fig. 1C,D) . At 12.5 dpc, Mfge8-positive cells were similarly localized in the peripheral stromal tissues and were speci®cally absent from the testicular cords in the male gonad (Figs. 1E,F and 3D). A comparison of the expression pattern of Mfge8 and Sox9 revealed cell populations expressing these two genes were found in different regions of the 12.5 dpc fetal testes: Mfge8-positive cells were localized to the outer stromal region (the developing tunica albuginea and the MGB), as contrasted to Sox9-expressing Sertoli cells in the testicular cords (Fig. 1E,F) . At 13.5 dpc, Mfge8 expression was markedly reduced and was restricted to the stromal region on the lateral aspect of the fetal ovary and testis, and in the testis at the lateral region of the MGB (Fig. 1G) . Mfge8 expression was undetectable at 15.5 dpc (data not shown). Results of a semiquantitative RT-PCR analysis (Fig. 2E) con®rmed the transient pattern of Mfge8 expression revealed by in situ hybridization. Moreover, immunohistochemical and immunoblot analyses revealed that the expression of MFG-E8 protein generally matched the transcription of the gene except for the initial time lag between transcription and the detection of protein at 10.5 dpc ( Fig. 2A) . By 11.5 and 12.5 dpc, MFG-E8 was found in the stromal space around the MGB (Fig. 2B,C) . The protein was no longer detected when transcription in the fetal gonad ceased at 15.5 dpc (Fig. 2D,E) .
During gonad formation, several genes encoding transcription factors such as Wt1 (Kreidberg et al., 1993) , Sf1 (Luo et al., 1994) , Emx2 (Miyamoto et al., 1997) , and Lhx9 (Birk et al., 2000) are also expressed in several speci®c cell types in the genital ridges. To ascertain the identity of the Mfge8-expressing cells, we have conducted parallel in situ hybridization of Mfge8 and other genes on adjacent tissue sections of the 11.5-day XY genital ridges. Wt1 and Emx2 are shown to be expressed in the coelomic epithelium, mesonephric ducts, tubules, and some supporting cell types in the gonadal ridge (Kreidberg et al., 1993; Miyamoto et al., 1997) . In the 11.5-day genital ridges, Mfge8-positive cells were localized to the presumptive interstitium around capillaries as contrasted to the cells expressing Wt1 or Emx2 in the primitive sex cords (Fig. 3A,B) . In contrast, Lhx9 is expressed in the coelomic epithelium and the stro- Fig. 1 . Whole-mount in situ hybridization analyses showing the expression of Mfge8 in mouse embryonic tissues at 10.0 (A), 10.5 (B), 11.5 (D), 12.5 (F) and 13.5 (G) dpc. The expression of Sox9 (a Sertoli cell marker) in mouse male embryos at 11.5 (C) and 12.5 (E) dpc was also examined. Positive signals appear as purple staining. Transverse sections at the level of the genital ridge are also shown. Scale bar, 100 mm. nt, neural tube; ce, coelomic epithelium; ms, mesonephros. mal tissues including both peritubular and subepithelial region, but nearly absent in the sex cords, of the differentiated testis (Birk et al., 2000) . Lhx9 expression was found to partially overlap with the Mfge8 expression domain in the 11.5-day genital ridges (Fig. 3C) , suggesting that some stromal cells may co-express Lhx9 and Mfge8. Of particular interest is the ®nding that Lhx9 is expressed in the coelomic epithelium of the urogenital ridge earlier than Mfge8 (Birk et al., 2000) , thus raising the possibility that Lhx9 may be functionally upstream of Mfge8 during gonadal development.
In the fetal testis, several types of somatic cells such as the Leydig cells, peritubular myoid cells and endothelial cells are found in the gonadal stromal tissue. Mfge8-expressing cells were not found amongst the Leydig cells in the 12.5 dpc gonadal ridge: Mfge8-positive cells were localized to the peripheral stromal tissues while Hsd3b 1-expressing Leydig cells were in the peritubular region (Fig. 3E) . Histo- logically, the Mfge8-expressing cells were also distinct from endothelial cells of capillaries and the presumptive myoid cells in the peritubular region (Fig. 3D) . Moreover, Mfge8-expressing cells did not show a sex-speci®c dimorphism in either their distribution or expression level (Figs. 1D,F and  2E) . The Leydig cells, endothelial cells and the presumptive myoid cells are known to be recruited from the mesonephric tissue to the gonad by a male-speci®c migration mechanism (Buehr et al., 1993; Martineau et al., 1997; Merchant-Larios and Moreno-Mendoza, 1998; Capel et al., 1999) , suggesting the existence of the sex-speci®c dimorphism of these cell lineages in their distributions during gonadogenesis. Therefore, it is reasonable to conclude that the Mfge8-positive cell population is unlikely to be any of the known somatic cell types in the gonads such the Sertoli cells, the Leydig cells, the peritubular myoid cells or endothelial cells. Instead, they may constitute a previously uncharacterized somatic cell type that is localized to the peripheral gonadal stroma and speci®cally to the MGB. The extinction of Mfge8 expression at 15.5 dpc precludes the study of the ultimate fate of this somatic cell lineage in the gonad, may be achieved with the identi®cation of another molecular marker for this population or a direct tracing of their fate by lineage analysis.
The coelomic epithelium is known to be a source of various gonadal somatic cells including some interstitial stromal cells and Sertoli cells in the developing mouse testis (Karl and Capel, 1998) . Our study has shown that Mfge8 can be employed as a useful marker in visualizing one type of the gonadal stromal cells that may be derived from the coelomic epithelium and colonizes the peripheral stroma. Since MFG-E8 is an integrin-binding protein with remarkable similarity to Del1, an autocrine angiogenic factor regulating vascular morphogenesis (Hidai et al., 1998; Penta et al., 1999) and is expressed during the period of active gonad morphogenesis, the functional characterization of this protein may shed light on the integrin-mediated cell adhesion and migration mechanism in mammalian gonadogenesis (Anderson et al., 1999) .
Methods

Whole-mount and section in situ hybridization and RT-PCR analyses
Whole-mount and section in situ hybridization were performed as described by Kanai et al. (1996) ; KanaiAzuma et al. (1999) . RNA probes for Mfge8 (Stubbs et al., 1990) , Sox9 (Kent et al., 1996) , Hsd3b 1 (Nordqvist and Tohonen, 1997), Wt1 (Kreidberg et al., 1993) , Emx2 (Miyamoto et al., 1997) , and Lhx9 (Birk et al., 2000) were used in this study. For RT-PCR analysis, cDNAs were prepared from the genital ridge and ampli®ed in the same tube by the following primers: Mfge8 forward primer, 5 H -GGACATCTTCACCGAATACATCTGC-3 H ; Mfge8 reverse primer, 5 H -TGATACCCGCATCTTCCGCAG-3 H , and HPRT primers (Kanai-Azuma et al., 1997) . Mouse embryos were sexed by PCR using Zfy-speci®c primers as described previously (Bowles et al., 1999) . 5 dpc testis were hybridized respectively for Mfge8 and Hsd3b 1. Scale bar, 100 mm. C, primitive sex cords-like structure; cp, capillary; mt, mesonephric tubule; ce, coelomic epithelium; ms, mesonephros; tc, testicular cord, S, Sertoli cells; G, germ cells.
Antibody production, immunoblotting and immunohistochemistry
Immunization with MFG-E8 recombinant proteins and puri®cation of anti-MFG-E8 antibodies were performed as described previously (Kanai et al., 1996) . For immunoblotting, the protein samples (10 mg/lane) prepared from fetal genital ridges and liver were used. For immunohistochemical staining, acetone-®xed frozen sections (7 mm thickness) of embryos were incubated with anti-MFG-E8 antibody (10 ng/ml) for 12 h at 48C. After rinsing with PBS, sections were treated with biotinylated anti-rabbit IgG and then with ABC reagents (Vector Laboratories).
